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Outline

* Physics motivation and current status
* Reminder about Fermilab and J-PARC approaches

* Frozen-spin approach at PSI
* Principle of the measurement
* Current status

 mukEDM collaboration

* Summary and outlook
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Physics Motivation for EDMs

Why are EDMs interesting to measure?
* A search for new physics which is “background-free”
* The contribution from SM’s CKM matrix is too small (de ~ 10-44 e cm)
* Many BSM models predict large EDMs
 Complementary to LHC searches

* Matter-antimatter asymmetry requires more CPV
 EDMs are good probes of BSM CPV

* |n some BSM models, muon g-2 and EDM are connected!

* Once the muon g-2 discrepancy is confirmed, the corresponding sighal may
show up in the muon EDM searches
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Current status for muon EDM

» Standard Model prediction

« CKM contribution: d/fKM ~ 107 e . cm PRD 89 (2014) 056006

* EXxperimental bounds

. Muon: deP <1.8%x1070Pe-cm (95% C.L.) BNL Muon (g-2) collaboration, PRD 80 (2009) 052008

+ Electron: d*** < 1.1 x 107 e-cm (90% C.L.) ACME collab., Nature 562 (2018) 355

e Indirect bounds

m, - PLB 500 (2001) 161
. Minimal flavor violation: |d,| = —|d,| <2.3X 107" e - cm NPB 645 (2002) 155
H m JHEP 08 (2014) 019

€

+ Decoupled e-p sector (EFT): |d,| <0.9x 107" ¢-cm PRD 98 (2018) 113002

+ EDMs of heavy atoms: |d, | < 2 X 107 e . cm PRL 128 (2022) 131803



) -t d A R T

5
Y/ TSUNG-DAO LEE INSTITUTE

EFT Analysis Muon specific 2HDM

d, [107%° e-cm]: my = 650 GeV, Amy = 300 GeV
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PRD 80 (2009) 052008

BNL/Fermilab Muon EDM search

* Three approaches from BNL/FNAL experiment: LY,

* Vertical Angle Oscillation (Tracker) Talk from Sam Grant

* Vertical Position Oscillation (Calorimeter)

* Vertical Phase Gradient (Calorimeter)
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PTEP 2019 (2019) 5, 053C02

J-PARC Muon EDM search

Talk from Ce Zhang
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Can we going beyond 10-21 ¢ cm?

* How can we improve the sensitivity of the muon EDM search?
* In the parasitic approach, the tilt angle is the limiting factor

* For an EDM below 10-21 e cm, it will be very challenging to measure this
small angle (multiple scattering effect + systematics like alignment)
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Wa : g-2
 Developed in 2004 for the muon

* Freeze g-2 component by applying a radial E-field of ~ aBcBy?
— Nno anomalous precession Iin the storage plane
— EDM causes an increasing vertical polarization

Sx
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—— time (s) £10°8
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spin
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Putting everything together

g-2 configuration frozen

E=yvxB+
frozen & EDM

E,

10
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Principle of the FS-EDM measurement

* Up-down asymmetry measured using upper and lower detectors

Upper detector

1= 1 ndf 133.1/147
= Prob 0.7877 2
- P,=100%, N =5.0x10° A 0.1666 = 0.0010 d . h y a[,t
| du - 1.8)(10-17 ecm o, 0.1896 = 0.0011 0- u - eee—_—
0 5__ ¢, -0.006392 = 0.004494 2 P E f\/ N ‘}IT u a

P :=initial polarization

o .
[ [ [ I

Asymmetry A@=(N,()-N ()N, )+N (1)

- AlD) = Acsin(ut + 90 + E¢ := Electric field in lab
o] VN := number of positrons
7, := lifetime of muon
e R a@ := mean decay asymmetry

Lower detector Time [us]
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Muon EDM search at PSI will commence in two phases:

Phase 1 @ 28 MeV/c
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d~10-21 e cm by 2026

Phase 2 @ 125 MeV/c
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Phase 1 @ ntE1
28 MeV/c, ~106/s | Zebra
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The general experimental idea

«— top scintillator

- Muons enter the uniform magnetic field
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muEDM Precursor at PSI (Phase 1)

Proof-of-principle of the frozen spin technique

Develop key technologies and
design the final instrument

Top View Scintillator Front View
/ e’ (zoomed) * Full MC model
PSC solenoid f // Ground * Full FEM model
C e /// Correction . Analysis and DAQ
ane * Nested electrode system with a
PN minimal material budget for the
‘35%) frozen-spin technique

& * Pulsed magnetic field to kick

muons on a stable orbit

Magnetic pulse 4/ olactrode

coll
* Injection channel made of a
superconducting shield 15



Phase 1 @ nE1
28 MeV/c, ~106/s
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KOMP . -BEZEICHNUNG MIT VERT

» Surface muon beam at 28 MeV/c

. Muon rate ~3 X 10°

» Test bed for development

» Demonstration of storage and detection
of g-2/EDM, e.g. with PSC magnet

@ = 200 mm

» The larger the bore the better for
instrumentation!
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Entrance trigger and storage simulation

positron

/

/

Entrance anti-
coincidence
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Positron trackers for EDM measurement

 Current considerations:

* Barrel detector made of pixelated
HV-MAPS silicon sensors

* Fast exit signal by scintillators (e.g. fibers)
to lift veto for next muon entrance
(one muon at a time measurement)

Top/bottom

Upper detector L I
T [ Pz1oo% N=50acf oo Point of decay /

d\ <
N,
ST . ’ %:

— >t \
T e e ” Pixels
Lower detector Time [us]
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Annual beam tests at PSI

« 2019
» Characterization of potential beam lines
« 2020
* Study multiple scattering of positrons at low momenta
« 2021

» Characterization of potential electrode material with
positrons and muons

« 2022

* Performance test of entrance/collimating channel [

* Performance test of TPC muon tagger/tracker

BY) T d 4 W

20



e mE1 @28 MeV/c (Precursor)

x' [mrad]

- Ry up to 6.6 x 106 p+/s @2.4 mA

- Emittance (10)
H: 198 mme*mrad
V: 171 mme*mrad

* uE1 @125 MeV/c (Final data taking)

x' [mrad]

- Ruupto 1.2 x 108 pt/s @2.4 mA

- Emittance (10)
H: 945 mme mrad
V: 716 mmemrad

- P~93%
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Horizontal Phase Space @ SciFi
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* Quadrupole scan technique was used to determine phase space

Horizontal Phase Space @ SciFi
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Vertical Phase Space @SciFi
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Study of multiple scattering (BT 2020)

o Study multiple scattering of positrons at low
momenta with using 3-plane MALTA telescope

Energy spectrum @85 MeV/c

* Matrix of 512 x 512 pixels |

5000/ ‘ ST
+ Pixels of 36.4 x 36.4 um2 e
» sensor thickness: ~300 ym 1
+ e+:20 — 85 MeV/c ot ||
. . 10003 \\
* Tested 2 configurations: M}\M -
— MALTA as active target o A fa e 3 e

— MALTA + Kapton/Mylar

Scintillator MALTA 3 MALTA 2 MALTA 1

(&)
o

IIII|IIII|IIIIIIIII|IIIII_-1_.I-—I-'T"|I

------ Si 307.8 um (Highland formula)

Multiple scattering RMS
S
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e+ 20 L
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Screening electrode materials (BT 2021)

» Characterization of potential
electrode material with
positrons and muons

50 MeV/c < p < 145 MeV/c

Momentum Spectrum

@ =
c
2 1000
S B
800 |-
- :
600 | A
w0l Carbon foil 17u |
N — \
200 - | TL \
oL | | | | | | | \ ¥

20 40 60 80 100 120 140
Momentum (MeV/c)




Beam time (@ PSI in 2022

«—A45cm———

 Track resolution N

X> n?m

I
* Muon tagger/tracker (done in June!) +
|
I
}

* Multiple scattering on gas and

windows Lo

Muon collimating
* Muon entrance detector ﬂ channel

* Collimation efficiency

* Thickness to minimize multiple
scattering while having enough
light yield

Muon
tracker

» Specular reflections on scintillators

BEE EEE
4



Projected Final Sensitivity of 10-23 e cm

Key parameters Symbols Phase 1@ Phase 2 @
yP y 28 MeV/c 125 MeV/c
After collimation _ 1x 106 s1(e=50%) | 1.2x 108 s1(=0.5%)
After beam injection _ 3 kHz (¢=0.3%) 480 kHz (¢=60%)

Electric field 0.3 MV/m > MV/m

rositron 0.5 kHz 80 kHz
detection rate
Muon decay
asymmetry

a(du) =

hy? au
ZPEf\/— )’Tu
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Potential systematic effects

» Systematics: all effects that lead to the real or apparent precession of
the spin mimicking EDM signal

* BNL/FNAL EDM searches provided very good guidance:
* Misalignment in fields and detectors

* Variation in detection efficiency

* New type of systematics inclusively for frozen-spin approach

* Derive specifications of all technical designs of the experiment

» Careful analysis of systematics using toyMC and Geant4 simulations

26
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selected for funding,

""" i e'rc funded by SBFI c The mu

Eurcpean Research Council

“int sher FLemR D paTeat temoautn

* A. Adelmann,'? M. Backhaus,' C. Chavez Barajas,® N. Berger,* T. Bowcock,? A. Bravar,”> C. Calzolaio,

L. Caminada,”® G. Cavoto,” R. Chislett,” A. Crivellin,2¢!9C. Dutsov,” M. Daum,? M. Fertl,'' M. Giovannozzi,'
W.C. Griffith,'? G. Hiller,'? G. Hesketh,” M. Hildebrandt,” T. Hume,? A. Keshavarzi,'*K.S. Khaw, '/ K. Kirch, '
A. Kozlinsky,® A. Knecht,” M. Lancaster,'> B. Markisch,'® F Meier Aeschbacher,” F Méot,'” A. Papa,??"

J. Price,® F. Renga,”® M. Sakurai,' P_Schmidt-Wellenburg,? M. Schott,*!' T. Teubner,®> C. Voena,’®
|. Vossebeld,? and . Wauters®

DM — collaboration TI* Fonds national

suisse

Z PAUL SCHERRER INSTITUT = 4 5 2 6 o
UNIVERSITY OF & UN|VERS|TE 2 APIEN
E'H =] ] vikpoor B ) Dr GenevE AETENZ

1.2

11
@:\ m q C' ) ?’hlglc\A"' technische universitat
University of Sussex d ortmun d

Istitute Nazionale di Fisica Nucleare

9
BROOKHFVEN

N . A 7
MANCHESTER Xdr% );zuﬁ_zﬁr"w
182 ~ | NATIONAL LABORATORY
— , " Tsung-Dao Lee Institute \
The University of Manchester “q passion for discovery” UNIVERSITA DI PISA
E[ R B ARBHF
RexT s

National Natural Science
[Foundation of China

27



A d R

TSUNG-DAO LEE INSTITUTE

Collaboration activities

Kick-off workshop for the search of a muon EDM using the frozen spin , e
technique at PS e , CNFN

Feb 17,2020, 9:00 AM = Feb 19, 2020, 5:00 PM Europe/Zurich

. U:»uvnxsl-r.?\ DLPISA
Second Circular

Dear colleagues, mu Ic |) \ I \\ ()I'I\S I]‘:)])

tis our pleasure to announce that the registration tor the workshop on the muen

9 o Pisa - May 12-13 2022
o o e c : . ‘ Kick-off workshop for th h of
s Mikio Sakurai (ETH ziirich) , Philipp Schmidt-Wellenburg (Paul Scherrer Institut), Anita Van Loon (Paul Scherrer Institut) S muoon :;Me E—
using the frozen spin technigue at PSI.
DeSCflpthH Ma]llng L|St. httpS//e|ngS|Ch/9|ogS/MUOn+EDM+Ma|llng+L|ST/ 1o be helil at the Paul Scherer Institne, Switzerland, on 17.-19.02.2020 s apen.

Tha aim at the warkshap is tn bring tofesher scisaticrs strangly motivated to participate in a <zarch
for & muon electric dipole moment (ELM) using the frozen spin technique at FSL Assuming CFI
i i di the combined sy y uf drarge and par W are
violation bryond the standard model 9

Remote link: https:/psi-ch.webex.com/psi-ch/j.php?MTID=mbb1db2d988c4d00d68ec5da10b33ad15 (Muon2020)

un the eleclion EDM Jd_s < 1.1k 2

F oln tad mo2 2.2T 27 cem, 2 value anon

upper limit ot d m <1.8E-19 ecm |2|. However, thecrles
eral i

The aim of the workshop is to bring together scientists strongly motivated to participate in a search for a muon electric dipole moment (EDM)
using the frozen spin technique at PSI.

r< 0t mapnltude.

The workshop will be organized as a topical seminar with break-out sessions addressing the different challenges of a compact muon storage

PROGRAM
ring employing the frozen spin technique to search for an electric dipole moment of the muon. In addition to invited contributions (30%), we very Sala seminacio 250- Bulding C -Physic Department &
cez. isa
much appreciate shorter contributions by all participants. We plan for ample discussion time in each session. opiraatthe warkshap arc
= beam properties and baam Injection st Day
inlu o compact dlurage 1ing Arrivals 9:00 - 12:00
. = electric and magnatic field Collabaralion meeling, 10 16:30
Nt properlics and generation
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Description Principle goal for the meeting: Decision an proposal submission

Start of meeting: October 7, 9h30
End of meeting: October 8, 12h00
Zoom: Online Meeting

muEDM Workshop Pisa, May 2022

12 May 2022, 14:00 = 13 May 2022, 17:15 Europe/Zurich
@ 250 (Dipartimento di Fisica&INFN)

@ Hotel list.pdf muEDM_Pisameseti... Short_PisaGuide.pdf ¢4’ Zoom link for remot...

Registration & Participants

Angela Papa ™angele.papa@unipi.it
™ angela.papa@psi.ch
8 +393491567235

+ monthly meetings and online collaboration meetings in between
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Schedule and milestone

Phase | (precursor) Phase |l (final)
Year| 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031
Simulations general '

Instrument concept a - A > Simulations
_ Magnetic field Conception/Design
9 Magnetic pulse :

S | SC shielded channel Prototyping
£ High voltage Acquisition/Assembly
Detectors Tests/Measurements
Data acquisition
EDM measurement
— ,

Imuiations genera :
~| Dedicated Magnet 1 Full proposal for both phases to CHRISP committee
2 Magnetic pulse 2/la Magnet call for tender / precursor design fix
S| SC shielded channel b Precursor ready for assembly/commissioning
2 High voltage 3/c Technical design report / frozen spin demonstration
D Mu‘?n detectors d First data for precursor muEDM
+ Positron tracker
S i M t delivered, characterized and accepted
2 Data acquisition 4 aghc ’ P
§ Commissioning 5 Successful commissioning / start of data taking

EDM measurement | a 6 End of data acquistion for mueDM
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Muonphilic dark matter &) LRLEET

SN cooling

PHYSICAL REVIEW D 102, 115018 (2020) L =73 Y

Muon g-2 and EDM experiments as muonic dark matter detectors

. 1 212 _ .1,3,4
Ryan Janish and Harikrishnan Ramani

]Department of Physics, University of California, Berkeley, California 94720, USA 10719 i
*Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
STheoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA i

4Stanford Institute for Theoretical Physics, Stanford University, Stanford, California 94305, USA 10~24

10-24 10~20 10-16 10-12
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PHYSICAL REVIEW D 103, 055010 (2021)
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—_— B 0.001 |5
Peter W. Graham®,' Selcuk Haciémeroglu ,2 David E. Kaplan,3 Zhanibek Omarov ,4'2 5 /
Surjeet Rajendran,’ and Yannis K. Semertzidis ®>* > 0.01L . i : )
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. Stanford University, Stanford, California 94305, USA — O 105 o e e e e g e e e e e e e —
“Center for Axion and Precision Physics Research, Institute for Basic Science, Nl 10_4 B B
Daejeon 34051, Republic of Korea <
*Department of Physics & Astronomy, The Johns Hopkins University,
Baltimore, Maryland 21218, USA 10-6 L | Frozen Spin
*Department of Physics, Korea Advanced Institute of Science and Technology, 10_7 F .
Daejeon 34141, Republic of Korea d. a
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Summary and outlook

Front View
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Top View Scintillator

Year| 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030

(zoomed)

2031

— top scintillator Simulations general
Instrument concept ﬁ
Magnetic field
Magnetic pulse

SC shielded channel ﬁ
High voltage

Detectors

bottom scintillator Data acquisition

Solenoid

HIPA LS

€
PSC solenoid // Ground

/// Correction
= o "/

Scintillators <t-

e+
N ==
HV-MAPS —ff ol

pixel detector

coils

Precursor

EDM measurement . m
1

Simulations general
HV electrode Dedicated Magnet

e’ - tracker Magnetic pulse

ground electrode SC shielded channel
High voltage

’5%
2
%

Magnetic pulse B ah,,
e it HV electrode SCchannel " Eauan aas 4

coil

Muon detectors
Positron tracker

PhaSG 1 @ T[E1 Phase 2 @ ”E1 Dataac.:qu.isit?on .
28 MeV/c,d, <3x 10 e-cm 125 MeV/c,d, < 6 X 107> e - cm [ eommessuoncn 5

Dedicated Instrument

» Exciting time ahead as many storage ring EDM experiments (like proton/
deuteron) will come online in the next few years

* Muon EDM experiments are also sensitive to muonphilic dark matter models

* We may have a better picture of the muon g-2 puzzle by then and results from
EDMs will provide complementary information about muon sector BSM physics
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